The effect of long-chain polar compounds on the coefficient of kinetic friction under boundary conditions has been studied using the Boerlage four-ball friction apparatus in various modifications. With steel balls of the highest grade, coefficients of friction for a great number of lubricants were measured as a function of the relative velocity of the rubbing surfaces.
Since the early formulation of the law of Amontons (1699) numerous studies of kinetic friction under boundary conditions have been made, but it is only lately that the work of Langmuir (1934) on frictional properties of built-up films on solids, the electron diffraction work of Murison (1934) and, in particular, the recent work of Bowden and collaborators (1934-1939) on the discontinuous nature of sliding friction and their investigation of contact areas and of the mechanism of polish, have materially advanced our understanding of the phenomenon of sliding friction.
In the presence of a lubricant boundary lubrication (sometimes also called ' non-viscous ' or ' thin film * lubrication) occurs under high pressures and low-sliding velocities, and is characterized by coefficients of friction which are practically independent of viscosity and sliding velocity. It has long been known, however, that different oils have different coefficients of friction under boundary conditions, and that oil-soluble compounds having long carbon chains and polar groups at one end are especially effective in reducing the coefficient of boundary friction when they are added to highly refined mineral oil (white oil).
It has also been generally expected that any material that would reduce the coefficient of boundary friction would also reduce the rate of wear, and a great deal of work has been done on a variety of friction machines in the hope of finding some compounds that would reduce friction to an extra ordinary degree. But, owing to widely varying designs of the machines, the results of the different investigators cannot be correlated. This greatly adds to the difficulties in interpreting the results in terms of simple physical concepts.
It seemed clear at the outset that the reduction of friction produced by long-chain polar compounds must be due to their adsorption on the rubbing surfaces, but there appeared to be considerable speculation as to the nature of the adsorbed films and the mechanism of their action. It is this ignorance which has led to vague and confusing terms like 'oiliness' and 'film strength' which, undoubtedly, will disappear as our knowledge of the properties of oils and of liquids in general increases.* Moreover, it is now quite certain that so-called 'oiliness compounds' which lower the coefficient of friction under boundary conditions do not necessarily lower the rate of wear, but, on the contrary, often increase the rate of wear.
In order to elucidate more completely the mechanism of boundary lubrication and especially the action of long-chain polar compounds, the structure of adsorbed oil films was studied by electron diffraction and their coefficients of friction were studied as a function of the sliding velocity. These observations have shown a new frictional effect, not previously reported in the literature, which may be directly correlated with the orientation of the adsorbed lubricant film.
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(a) Electron diffraction experiments
The electron diffraction camera used in this work was similar iii design to that described in detail by Germer (1935) . The reflexion method was used, and nearly all the surface films were produced on highly polished mild steel plates by dipping the plates into the lubricant and rubbing with lens paper until all excess lubricant was completely removed. Most substances examined were pure long-chain polar compounds or other pure addition agents of which the majority were solids at room temperature and had to be applied to the steel plate at temperatures slightly above their melting point. However, several lubricant-like petroleum fractions and solutions of addition agents in white oil were also studied.
(b)
Measurements of coefficients of f r The principal apparatus chosen for the study and analysis of sliding friction was the four-ball top developed in its original form by Boerlage and Blok (1937) on the four-ball principle which was used previously by the same authors in their four-ball apparatus for testing extreme pressure lubricants. This apparatus, in which a single ball rotates under variable loads on a support formed by three similar balls clamped together in an oil cup (see figure 1) , is particularly adaptable to measurements of coefficients of friction at low-sliding velocities of 0-1 cm./sec. and high pressures of a few thousand kg. per cm.2 or higher. Assuming that the coefficient of friction was constant over the small velocity range, Boerlage and Blok simply measured the time required for the frictional force to stop the top like rotor attached to the upper ball, after the rotor was given definite initial angular velocity by a falling weight mechanism. In this case the coefficient of friction f can be calculated by the formula:
where n is the number of revolutions, t the running time of the top and C a constant depending on the weight and the moment of inertia of the rotor and the size of the balls.
Preliminary experiments of the present in vestigation had shown, however, that the deceleration of the top was not always constant over the whole velocity range. A careful analysis of the motion of the rotor was made therefore by means of the revolving drum recorder which is shown together with the modified four-ball top in figure 2. The recorder served as a chronograph and received its impulses from a photo-electric cell, the illumination of which was interrupted by the motion of the rotor. The impulses were recorded by a stylus on waxed paper stretched on the outside of the drum. From these records the angular displacement was plotted against tim e; and from the plots instantaneous values for the velocity and deceleration were readily obtained by graphical differentiation. The coefficients of friction were then calculated by equating the observed decelerating torque to the friction moment. The results were finally expressed in plotting coefficients of friction against velocities.
To supplement the four-ball top which allowed deceleration experiments only, an apparatus was used in which a highly polished steel cylinder was sliding on four supporting clamped balls as shown in figure 3. Discs were attached to the ends of the cylinder increasing its moment of inertia, and cords were wound in grooves on the periphery of the discs so that the rotation of the cylinder could be accelerated by weights hanging on the cords. The motion was again analysed by means of the chronograph and the coefficients of friction were calculated and related to the angular velocity as for the four-ball top.
(c) Measurement of electrical conductivity of oil films
under boundary conditions The conductivity measurements of boundary films were carried out with the four-ball bearing. A motor-driven modification of the Boerlage fourball top was used for this purpose. The apparatus is shown in figure 4 . The rotor can be brought to any desired speed and is able to rotate freely after the driving mechanism is disengaged. For kinematic studies of boundary friction the rotor's deceleration is observed by means of a photo-electric chronograph that receives its light impulses via a decagonal mirror attached to the upper part of the rotor. The three lower balls were insulated and provided with separate contacts. The measuring current passed from one lower ball through the top ball and back to a second lower ball. The resistance measurements were made by means of an A.C. operated directreading electron-tube ohm meter of high sensitivity. The measuring potential was always kept below 0*1 V.
(d) Method of cleaning metal surface
In these experiments cleanliness is of paramount importance in order to obtain reproducible results. Excessive oil is first removed with solvents. The balls, chuck, and all stationary parts near the friction elements are then boiled for 10 min. in a solution of 70 g. of potassium hydroxide in --F ig u r e 3. Acceleration apparatus.
1 litre of isopropyl alcohol. The parts are rinsed, in distilled water and finally inr boiling isopropyl alcohol. After the last rinsing the parts should not be touched by hand.
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E xperim ental results
Figures 5 and 6 show typical curves obtained with the four-ball top. These curves are to be read from higher to lower angular velocities since they represent deceleration experiments. The curves show an effect which is entirely unexpected and new for boundary lubrication and which consists of a rapid decrease of the coefficient of frictions at the initial higher velocities. At certain critical and easily reproducible velocities the curves bend over sharply and the coefficients of friction become constant, that is, independent of velocity for the rest of the run. White oil* and ricinoleic acid do not show this effect. The other curves can be characterized by two constants: the steady value of the coefficient of friction and the critical velocity at which the coefficient of friction falls off rapidly. If the initial velocity of the top is lowered beyond the critical velocity, the effect is not observed; if the top is started at much higher velocities, a rather unsteady state of rapid and irregular fluctuation of the coefficient of friction is observed. The measurements presented were started therefore at velocities only slightly higher than the critical velocity. In order to be certain that the observed effect was not a transient due to the rapid initial acceleration of the top, some experiments were made with the second friction apparatus described in section 2 (6) which allows slow acceleration. A typical curve obtained from this apparatus is shown in figure 7 . Data were taken during both acceleration and deceleration. Although the low value of friction is obtained in this case by slow accelera tion, the deceleration part of the curve is of striking similarity to the curves obtained by the four-ball top.
angul'ar velocity in r.rs.
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From these results it appears likely that the observed effect of low coefficients of friction at higher velocities is produced by oil drag under the surface and that this wedging of oil is a property which is imparted to the oil by a certain surface activity. The wedging effect should occur, however, only if material is available to be wedged under the surface, and the effect should disappear if a well-rubbed thin film is used. It has already been contended by Langmuir (1934) and has lately been proven by Germer and Storks (1939) that such rubbed films consist essentially of a monolayer. Experiments with the four-ball top under these conditions do not show the decrease of the coefficient of friction at higher velocities under any circumstances. It is significant, however, that the steady state coefficient of boundary lubrications obtained with the oil flooding the balls is practically unaltered with rubbed boundary films. This is further proof that boundary conditions are actually prevailing at low velocities with the bulk of the lubricant present.
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Furthermore, changing the viscosity of the white oil by blending it with non-polar pure polyisobutylene had little effect on the critical velocity and the steady state coefficient of friction. Blends containing 1% oleic acid and with their viscosities differing by a factor 100, show only about 10% change in the critical velocity and in the coefficient of pure boundary lubrication. These experiments show clearly that differences in bulk properties of the lubricant have only negligible effects on the wedging effect.
However, a study of the surface structure of the lubricant films revealed that all substances showing the wedging effect at low velocities exhibited a high degree of orientation of their surface films. White oil and ricinoleic acid which as shown in figures 5 and 6 do not exhibit the wedging effect, also do not show any orientation. A particularly extensive study was made in the case of ricinoleic acid with both rubbed and vapour-condensed films. In no case was orientation observed, although this fatty acid was un doubtedly adsorbed on the surface as the low coefficient of boundary friction (compared with white oil) shows. I t is likely that these molecules, because of the hydroxyl group near the centre of the chain, are adsorbed lying flat in an irregular manner. White oil showed always high but very irregular coefficients of friction. It will be shown later that its critical velocity is about six times higher than that of a 1 % solution of oleic acid in white oil.
All substances showing the wedging effect also showed orientation. The lowest critical velocities were observed with those long-chain polar com pounds for which the electron diffraction experiments showed the highest degree of orientation, the carbon chains extending out from the surface either perpendicular or slightly inclined. Figure 8 , plate 4, gives a few examples of the type of patterns obtained.
I t seems to be unnecessary for the carbon chains to be anchored to the metal surface by polar groups in order to give rise to the wedging effect. Long-chain non-polar hydrocarbons like tetratriacontane are also able to induce the effect at room temperature. A rubbed film of this material shows a high degree of orientation with the chains perpendicular to the surface. The same is true for stearone, a long-chain ketone with the oxygen group in the centre. At higher temperatures, however, a marked difference between molecules with and without a polar group on one end was observed. The difference is most striking in electron diffraction experiments in which the specimen holder was heated during the experiment. At a temperature close to the melting point of stearone, all molecules adsorbed with their long chains perpendicular to the surface evaporated, leaving, however, some molecules on the surface which may have been impurities or stearone molecules which were adsorbed lying flat. In the case of tetratriacontane the same procedure led to a complete evaporation of the molecules at temperatures close to their melting point. The completeness of evaporation is indicated by the appearance of a clear diffraction pattern belonging to the iron backing. Most of the polar compounds are tenaciously adsorbed at still higher temperatures (about 200° C). In case of stearic acid, for instance, a fairly thick film was applied and gave a diffraction pattern of inclined bands with well-defined spots characteristic of oriented imperfect crystals. This film was heated slowly and a series of fifteen exposures was On the mechanism of boundary lubrication -F ig u r e 9. O tetratriacontane (80° C); xstearic acid (80° C); +octadecyl alcoho (130° C); □ methyl stearate (150° C).
taken over the temperature range of 26-180° C. As the temperature was increased fhe spot pattern faded and the pattern characteristic of adsorbed stearic acid molecules gradually appeared. The spot pattern had dis appeared completely at 50° C, but the pattern of curved bands was still persistent at 110° C, although by that time the plate had been heated for 2 hr. in high vacuum. A further increase in temperature caused the bands to become fainter and more diffuse, and the ring pattern of the iron backing increased in intensity. There is an unmistakable correlation between these findings and the fact that at higher temperatures low critical velocities for the wedging effect are obtained only for compounds which are strongly adsorbed at these temperatures with their carbon chain extending out from the surface. Figure 9 shows the wedging effect for some pure com pounds at elevated temperatures. The critical velocity for tetratriacontane would fall out of the range of these experiments for temperatures higher than 80° C. In view of the abrupt drop in coefficient of friction in these experiments, it seemed possible that the critical velocities could be found through electrical resistance measurements. Method and apparatus have been described in section 2 (c). It was found that if the rotor was brought up to a high speed and was then disengaged from the driving motor the resistance was that of an open circuit (with the apparatus used 10,000 ohms or greater). As the speed became lower, the resistance decreased slowly until upon reaching about 250 ohms violent oscillation occurred for a moment after which the resistance suddenly fell to very low values. In identifying the speed of the rotor at which the oscillations occur with the critical velocity, satisfactory agreement is obtained with the methods using the graphical evaluation of the coefficient of friction. The comparison is shown in table 1. Data by the electrical method, showing the effect of various compounds in lowering the very high critical velocity of pure white oil, are shown in table 2. I t should also be mentioned that all experiments were carried out with the same grade of highly polished steel balls. A certain degree of polish is necessary to induce the wedging effect. Rough surfaces will not show the effect at all, whereas polished surfaces which in addition have been run in with a chemical polishing agent like tricresyl phosphate (see Part II) showed the wedging effect even to the lowest measurable velocities of the rubbing surfaces.
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D isc u ssio n
Earlier observations (Murison 1934, Clark, Sterrett and Lincoln 1936 , and others) which had shown xhat many effective lubricants have oriented surface films had led to the widespread belief that such films acted them selves by protecting the surfaces and were behaving much like two carpets sliding over each other with their piles lying flat at the place of actual contact. The X-ray evidence even showed that in some cases the oriented layers were hundreds of molecules thick, although it appears quite certain that under severe conditions none but the first layer is bound to the sub strate with forces strong enough to withstand the great shearing stresses to which such layers are submitted under sliding conditions.
The monomolecular layer, however, extends into space far less than the irregularities of even the best machined metal surfaces. Since such surfaces carry the load on isolated spots only, the actual pressures at these spots are so high that not even the first monomolecular layer can be expected to withstand the forces which prevail when the surfaces slide over each other. Furthermore, the high temperatures expected at the local points of contact will cause decomposition of the molecules caught under them, and the atoms of the polar groups (oxygen,.etc.) will react with the metal and form a high melting corrosion product. It is clear that under these conditions the wedging effect will not operate. If, however, the surfaces are highly polished, that is if the load is distributed evenly over the apparent surface of contact, sliding can take place without immediate disruption of the surface film. Under these conditions the wedging effect will occur and it is evident that the full benefit of this effect can be expected only if the surfaces are initially brought into a high state of polish and are maintained in this state under operation. Most of the friction reducing polar compounds are themselves not able to produce or to maintain such a state and have therefore in most cases failed to be effective wearprevention agents.
In Part II of this series addition agents will be discussed which have the ability to polish the metal surface and to maintain the polish. This class of compounds, which evidently is more important, acts through a mechanism totally different from the action of long-chain polar compounds, but it will be shown that the latter compounds, if introduced with polishing agents, are able to reduce wear by at least a factor of two.
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